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Previews
the expression of multiple genes in response to DNATB or Not TB:
damage and other stresses (Goodman, 2002). TheseHow Mycobacterium tuberculosis polymerases are endowed with greatly relaxed fidelity,
a property that enables them to incorporate nucleotidesMay Evade Drug Treatment
opposite sites of base damage, effectively bypassing
blockades that stall replicative DNA polymerases. Nu-
cleotide incorporation by these specialized polymer-
ases is often error-prone, thereby promoting enhanced
In this issue of Cell, a study by Valerie Mizrahi and mutagenesis.
her colleagues (Boshoff et al., 2003) suggests that a Gram-negative organisms such as E. coli contain a
putative error-prone DNA polymerase encoded by the single replicative polymerase, of which the catalytic sub-
dnaE2 gene of Mycobacterium tuberculosis may by- unit is encoded by the dnaE gene (Welch and McHenry,
pass certain types of DNA base damage, generating 1982). As first reported by Ehrlich and his colleagues for
mutations. This may be an important mechanism for B. subtilis (Dervyn et al., 2001), gram-positive bacteria
generating drug-resistant strains of M. tuberculosis. contain a second DNA polymerase. In contrast to B.
subtilis (and some Mycoplasma species) in which the
second polymerase subunit is encoded by a distinctiveThe title of a recent public health commentary, “Erasing
gene known as polC, two dnaE genes (dnaE1 and dnaE2)the World’s Slow Stain: Strategies to Beat Multidrug-
have been identified in the genome of M. tuberculosisResistant Tuberculosis” (Dye et al., 2002), is from a line
(Inoue et al., 2001). The dnaE1 gene presumably en-in Adonais: An Elegy on the Death of John Keats, by
codes the  subunit of the pol III holoenzyme. The bio-the poet Percy Bysshe Shelley. There is nothing poetic
logical function of the putative polymerase subunit en-about the WHO’s 1993 declaration of tuberculosis (TB)
coded by the dnaE2 gene is unknown. However, Boshoffas a “global emergency” (WHO, 1993), however. This
et al. (2003) report that deletion of this gene is not lethal,organization predicted that in the next two decades,
indicating that it does not encode an essential protein.one billion people will be newly infected with TB, 200
These authors show that exposure of M. tuberculosismillion will get sick, and 35 million will die “if controls are
to DNA-damaging agents such as ultraviolet (UV) radia-not urgently strengthened” (WHO, 1993). This concern is
tion, the DNA crosslinking agent mitomycin C, or the2-fold (Dye et al., 2002). First, the fraction of TB patients
oxidizing agent hydrogen peroxide, results in upregula-carrying drug-resistant strains is increasing “to levels
tion of multiple genes including dnaE2. Furthermore,that put TB control in jeopardy in some parts of the
exposure results in an SOS-dependent increase in theworld”. Second, patients with active antibiotic-resistant
frequency of rifampicin-resistant mutants that is dnaE2-TB are traveling around the world in increasing numbers,
dependent. Bacterial resistance to rifampicin, a com-
potentially spreading the disease. Thus, the article by
mon antibiotic treatment for tuberculosis, is associated
Boshoff et al. (2003) in this issue of Cell is timely because
with mutations in the gene encoding the RNA polymer-
it not only addresses an important growing public health ase  subunit (rpoB). When Boshoff et al. (2003) exam-
problem, but also offers a potential molecular mecha- ined the mutational spectrum in the rpoB gene in rifampi-
nism (a mutagenic response to DNA damage) by which cin-resistant M. tuberculosis colonies generated after
antibiotic-resistant strains of Mycobacterium tuberculo- exposure to UV radiation, they identified a major in-
sis may arise. crease in nucleotide substitutions at sites expected to
Prokaryotic and eukaryotic organisms have evolved be targets for radiation-induced base damage.
multiple mechanisms for protecting the fidelity of the Collectively, these results suggest that the dnaE2
genome during the replication of both undamaged and gene of M. tuberculosis encodes a specialized, low fidel-
damaged DNA. These mechanisms include the high fi- ity DNA polymerase that can bypass some types of
delity intrinsic to all replicative DNA polymerases, proof- template base damage in an error-prone manner,
reading by exonucleases, and DNA mismatch correction, thereby generating mutations. Biochemical studies are
a form of DNA repair. Inactivation of these fidelity-main- clearly required to confirm this suggestion. Since M.
tenance mechanisms generates mutations that in turn tuberculosis lacks genes encoding proteins involved in
can facilitate evolutionary selection in populations of mismatch repair (Mizrahi et al., 2000), and since the dinB
cells. Indeed, the selection of variants with a mutator gene (which in E. coli encodes an SOS-regulated, low
phenotype conferred by defective mismatch repair op- fidelity DNA polymerase) is not upregulated in response
erates as a potent adaptive strategy when E. coli strains to DNA damage in this organism, dnaE2 may be a major
are subjected to stressful environments (Giraud et al., DNA damage-responsive mutator gene in M. tuberculo-
2001). sis (Figure 1).
Recent studies have revealed an impressive number Does the dnaE2 gene play a role in generating resis-
of specialized DNA polymerases that can promote ge- tance to antibiotic treatment in mammals infected with
netic heterogeneity in the presence of unrepaired base M. tuberculosis? To test this notion, Mizrahi and her
damage (Friedberg et al., 2002; Goodman, 2002). In E. colleagues (Boshoff et al., 2003) infected mice with wild-
coli and other bacteria, genes encoding these polymer- type M. tuberculosis and measured dnaE2 mRNA levels
in various tissues. They observed enhanced expressionases are regulated by the SOS system that controls
Cell
140
Figure 1. Model for the Role of the dnaE2 Gene in Generating Antibiotic Resistance in M. tuberculosis
Following infection, M. tuberculosis encounters cellular stress in the host environment that results in DNA damage. Unrepaired base damage
poses a block to DNA replication, causing the replicative machinery to stall. The dnaE2 gene is upregulated in the course of the ensuing SOS
response and its protein product, an error-prone DNA polymerase, competes for, or is recruited to, sites of arrested replication, where it
effects replicative bypass of the damage with a high probability of error. Other proteins are likely involved in switching of the polymerases
and/or error-prone replicative bypass. Mutations (M) are generated at increased frequency, some of which may affect genes encoding enzymes
that metabolize antibiotics. Adaptive mutations undergo positive selection, and this results in the establishment of antibiotic-resistant M.
tuberculosis cells.
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